Salmonella typhimurium is a facultative intracellular pathogen capable of sving within host phagocytic cells. Salmonela strains carrying phoP mutations are avirulent, unable to survive in macrophages, and extremely sensitive to peptides having antimicrobial activity such as the hostderived defensins. We present here the DNA sequence of the phoP gene and show that the deduced amino acid sequence of phoP has extensive homology with the Escherichia coli transcriptional regulators PhoB and OmpR, which control the expression of loci in response to different environmental stimuli. The psiD locus, which is regulated by phosphate availability, was found to be under the control ofthephoP gene product.
Facultative intracellular pathogens are organisms that can survive and replicate in phagocytic cells. Because of this property, they usually cause long and debilitating diseases and in many cases fatal infections if untreated. Facultative intracellular pathogens, which include the protozoa Trypanosoma cruzi and Leishmania and bacterial species such as Mycobacterium tuberculosis, Mycobacterium leprae, Listeria monocytogenes, Brucella abortus, Legionella pneumophila, and Salmonella typhimurium, utilize different strategies to survive within phagocytic cells (1) . These strategies, which include inhibiting the fusion of lysosomes with the phagocytic vacuole and escape from or survival within the phagolysosome, have molecular mechanisms that remain largely unknown. S. typhimurium causes a typhoid-like syndrome in mice and is frequently used as a model system for human typhoid fever, a worldwide problem with over 30 million cases annually (2) . Our laboratory has been studying the molecular mechanisms by which S. typhimurium is able to survive and replicate in murine macrophages (3, 4) .
We have recently identified the phoP locus as a crucial virulence determinant and found that Salmonella phoP strains are extremely sensitive to defensins (3) . Defensins are microbicidal peptides present in granules of host phagocytic cells. This is an example of a Salmonella gene that is responsible for resistance to a well-characterized host antimicrobial mechanism. The phoP locus was originally described by virtue of its involvement in the production of nonspecific acid phosphatase (thephoN gene product; ref. 5 ). However, mutants in phoN behaved like the wild-type strain with respect to their virulence in vivo and in their sensitivity to defensins in vitro (3) . These results suggest that the phoP gene product might be a regulator of gene expression controlling other loci besides phoN.
A plasmid clone of the phoP gene harboring 5 .0 kilobase pairs (kbp) of Salmonella DNA could complement phoP mutants for all phenotypes tested: virulence in vivo, resistance to defensins in vitro, and production of nonspecific acid phosphatase (ref. 3 ; also unpublished data). Analysis of deletions and transposon insertions in the plasmid clone indicated that only =900 bp were necessary for PhoP activity. In this paper we propose a regulatory role for the phoP gene product based on our findings that it acts as an activator of the phosphate starvation-inducible gene psiD and that the derived amino acid sequence ofthe phoP gene is homologous to several known prokaryotic transcriptional regulators.
MATERIALS AND METHODS Bacterial strains are listed in Table 1 . Strain JM103 (10) was used as a host for bacteriophages M13mp18 and M13mp19 (11) . The construction of plasmids pEG5381 and pEG5433 (Fig. lA) and the isolation and mapping of transposon insertions in these plasmids (Fig. 1B) will be described elsewhere. Media composition (7, 12) and general bacterial genetic techniques (13) have been described. 5-Bromo-4-chloro-3-indolyl (3-D-galactoside (X-Gal; Boehringer Mannheim) was added to agar plates to a final concentration of 60 gg/ml.
M13 phage was manipulated as described (10) . The nonspecific acid phosphatase staining protocol has been described (5) . ,3-Galactosidase assays were carried out as described (12) .
Restriction endonucleases and phage T4 ligase were purchased from Amersham, Bethesda Research Laboratories, Boehringer Mannheim, New England BioLabs, or P-L Biochemicals and were used according to the suppliers' specifications. Large-scale isolation ofplasmid DNA was done by the procedure described by Kupersztoch and Helinski (14) . For nucleotide sequencing, DNA restriction fiagments were purified from acrylamide gels and cloned in the phages M13mp18 and M13mp19. Clones were sequenced on both strands by the dideoxy chain-termination method with the Sequenase kit (United States Biochemical) using the universal primer and 35S-labeled dATP (15, 16) . Double-stranded plasmid DNA sequencing was carried out with subclones of plasmid pEG5381 and with plasmids pEG5381 or pEG5433 harboring mini-Mu insertions by using the universal primer, the reverse primer, or a primer complementary to the ends of bacteriophage Mu. Homology searches were carried out by using the program of Pearson and Lipman (17) in BIONET. Southern hybridization analysis was performed with Nytran nylon membranes (Schleicher & Schuell) as suggested by the manufacturer. Other protocols were taken from Maniatis et al. (18) .
RESULTS AND DISCUSSION To understand the nature of the molecular defect present in the phoP mutants, we have cloned ( Fig. L4 ; unpublished data) and determined the DNA sequence ofa 960-bp segment Abbreviation: X-Gal, 5-bromo-4-chloro-3-indolyl P-D-galactoside. tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. of 224 amino acids with a predicted molecular weight of 25, 632 (Fig. 2 ). This frame begins with an ATG codon, ends with two stop codons (TAA followed by a TGA), and is preceded by a Shine-Dalgarno sequence, AGG, at an appropriate position. The evidence that the DNA segment shown contains at least the coding region of the phoP gene is as follows. We have mapped to this region five different miniMu insertions in plasmids pEG5381 and pEG5433 that result in lack ofphoP activity and one mini-Mu insertion that results in reduced levels of phoP activity (Fig. 1B) . Three chromosomal transposon TnlO insertions that result in lack ofphoP activity also map to this fragment (ref. 3; unpublished data). The direction oftranscription of the gene is in agreement with that predicted from the phenotype ofphoP-lac gene fusions.
We searched for proteins with homology to the PhoP protein (as deduced from its nucleotide sequence), using the programs of Pearson and Lipman (17) in both the Protein Identification Resource (Release no. 19 ) and the Swiss-Prot (Release no. 9) data bases. Extensive homology was found with the E. coli transcriptional activator protein PhoB (19) , which when aligned to the PhoP sequence showed 35% identical and 41% similar amino acids (see Fig. 3 ). PhoP is also homologous to the deduced amino acid sequence of the second open reading frame present in the phoM operon (20) and the OmpR protein (21) and to regulators from other two-component systems (22) , some of which are implicated in virulence (23) . In these two-component systems, such as the PhoB-PhoR pair that responds to phosphate availability (19, 24) or the OmpR-EnvZ pair that responds to osmolarity changes (21) , there is usually an inner membrane protein (PhoR or EnvZ) that can sense particular environmental changes and modify the second component (PhoB or OmpR) in ways that affect its ability to modulate transcription. Regulation of the nitrogen-utilization genes in enteric bacteria involves the modification of the second component through phosphorylation or dephosphorylation. This modification has been shown to alter the ability of the bacterium to regulate the levels of transcription initiation (25, 26) . The Vibrio cholerae ToxR protein presents an example of a one-component derivative of a two-component system. In this case, a single polypeptide that has the ability to bind DNA is found in the inner membrane (27) . The PhoB, which controls the expression of genes in response alphoP-linked mutation behaved as the wild-type to phosphate availability, has been shown to be a DNA ir sensitivity to defensins, suggesting that the binding protein that is necessary for activation of in vitro P made was enough to confer resistance to these transcription together with the normal o factor and core RNA A.G. and F.H., unpublished results). This secpolymerase (31) . It binds to the so-called "pho-box," a ent (phoZ) may be present downstream of phoP prokaryotic enhancer sequence found at the regulatory rer the phoBphoR (19, 24) and ompRenvZ (21) gions of several genes of the E. coli phosphate regulon including phoB itself (31) . The regulatory region of the phoP Region of the phoP Gene. The nucleotide segene does not have a "pho-box," but at an equivalent ream ofthe coding region ofphoP was examined position the hexanucleotide direct repeat is found, which *s that could be relevant for the transcriptional could correspond to a potential binding site for a transcripf the gene (Fig. 2) JF512, JF514, JFS15, and JF570) and phoP-(EG5110, EG5112, EG5114, EG5116, and EG5118) pairs of strains. The levels of f-galactosidase activities (see Table 2 ) indicated that PhoP plays a positive regulatory role at the psiD locus, being necessary for both basal and induced levels of expression. These activities also showed that PhoP probably does not regulate psiBJ2, psi-15, and psiCJ7, but it may be necessary for repression of psiA9 and psi-18 during growth in high phosphate. The phoP gene has been shown to be necessary for Salmonella virulence in vivo, for survival in macrophages in vitro, and for resistance to defensins (3). We tested whether these phenotypes, which are not mediated by the nonspecific acid phosphatase (3), were in part caused by the psiD gene product. Isogenic derivatives of strains 14028s and MS7953s were constructed harboring the psiDi9::Mudl-8 allele and named EG5122 and EG5124, respectively (see Table 1 ). We determined that the median lethal dose, LD50, for intraperitoneal injection in BALB/c mice was <10 microorganisms for both EG5122 and 14028s, and >105 microorganisms for EG5124 and MS7953s. The sensitivity to defensins ofEG5122 and EG5124 was found to be the same as that of their isogenic psiD+ parent strains (data not shown). These results indicated that while psiD is indeed under the control of PhoP it does not seem to play a role in virulence.
expression of this mutant could be ide sequence G-T-T-T-A-T is present twice, 11 due to the presence of the G-T-T-T-t-T sequence in
Presence of phoP in Other Species. To investigate whether phoP homologous DNA sequences were present in other organisms, Southern hybridization analysis was carried out with the 514-bp EcoRV fragment internal to the phoP gene as probe (see Figs. 1B and 2 ) under stringent hybridization conditions. phoP homologs were detected in E. coli, Shigella flexneri, Citrobacterfreundii, Enterobacter cloacae, Enterobacter aerogenes, Klebsiella pneumoniae, Serratia marsescens, Proteus mirabilis, Erwinia herbicola, and Yersinia pestis, but for Proteus vulgaris, the signal was much weaker than for other members of the family Enterobacteriaceae tested (Fig. 4) . A positive signal was also found for Neisseria gonorrhoeae, but no hybridization was detected with other 
